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SLR Investigation Life-cycle

Tracking Data Analysis
Data QA

Tracking calibration
Instrument engineering

Reference Frame Modeling
Geocenter motion
Polar Motion and Earth Orientation

Orbit Determination
Force Modeling
Global Data Evaluation
Orbit DQ

Atmospheric Modeling
Tropospheric Propagation Delay

Science Products
Geophysical Models

Analysis Methods
Science Interpretation 

Satellite Form
Modeling & Frame

S/C Attitude
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Geodetic Networks: SLR Unique Capabilities

The SLR Technique
ÿ Precise (sub cm) and unambiguous range measurements to LEO and high

altitude satellites (e.g. LAGEOS, GPS)
ÿ Small dependence on transmission media
ÿ Passive, low cost, and fail safe space segment
ÿ Near real-time global data availability
ÿ Strong contributions to stable Earth reference frame

Applications
ÿ Highly accurate satellite ephemerides: e.g. precision orbit positioning for

altimeter missions
ÿ Calibration and validation of satellite altimetry, radar pointing, astrodynamic

models
ÿ Special Missions - Tether Dynamics, etc.
ÿ Fail-Safe Backup for Precise Orbit Determination (POD)
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Sample of Laser Satellite Constellation
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spurious residualsLageos-1 and -2 global rms for all 10 day arcs
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Geodetic Networks: SLR Site Map
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Major SLR Science Contributions

ÿScience Products
ß Global gravity models
ß Temporal gravity changes
ß Dynamic tides
ß Lunar science
ß Fundamental physics and tests of

relativity
ß Earth scale: GM

ÿApplications
ß GPS independent orbit/model

assessment
ß Altimeter calibration
ß Precise orbit determination
ß Fail-safe precision tracking

1 cm

EGM96 

Calibrated altimeters needed to monitor
mm level sea level rise
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Verification of GPS-derived Jason orbits
using SLR
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SLR was used to both validate and assess the optimization strategy for GPS determined
orbits for Jason.  SLR alone provided independent orbit accuracy assessments.
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Combination of SLR and GPS produces
significant Jason orbit improvements
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Jason crossover RMS per 10-day repeat cycle for both GPS and GPS+SLR reduced
dynamic solutions.  The results demonstrate the SLR data can improve radial orbit
accuracy when properly combined with GPS data.
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u  What are the causes of the observed global and regional 

 sea level changes?

u  What are their relations to the variations in the heat and
 mass content of the oceans?

u  How do the polar ice sheets vary in size and thickness?

u  Are there variations in the continental hydrosphere and
 what are their influences on the climate changes?

u  Which geodynamic convective processes cause
 deformations and motions of the Earth‘s surface?

Fundamental questions in Geosciences:

Context for SLR Science Support:
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The satellite missions: observing the Earth from space  
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Geodetic Monitoring: ”Decade of Geopotential”
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The satellite missions: observing the Earth from space  
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Role of SLR in
Geodetic Monitoring

Role of SLR:

1- Altimeter calibration
2- Precision Orbit Determination

3- Independent model verification
4- Independent orbit verification

 5- Back-up tracking system

2,3,4

3,4

2,3,4

1,2,3,4,5

1,2,3,4,5
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1,2,3,4,5
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Constituents of an integrated
geodetic-geodynamic monitoring system

Geokinematics

Earth
rotation

Gravity
field

Reference
frames
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Why do we have three techniques?

ÿ High precision geodesy is very
challenging

ß Accuracy of 1 part per billion

ÿ Fundamentally different
observations with unique
capabilities

ÿ Together provide cross
validation and increased
accuracy

YESNoYesReal-time

YESNoNoGeographic
Density

YESYESYESDecadal
Stability

YesYESNoGeocenter

MaybeYESYesScale

NoNoYESCelestial
Frame
UT1

GPS
Microwave
Satellites
Range
change

SLR
Optical
Satellite
Two-way range

VLBI
Microwave
Quasars
Time
difference

Technique
Signal
Source
Obs. Type
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Mean annual terms amount to :

1.2 mm in X, with a minimum in February

2.0 mm in Y, with a minimum in December corresponding to a winter loading centred on Siberia

1.8 mm in Z, with a minimum in February

GEOCENTER MOTION

ÿ mm-level Geodesy requires understanding of the reference frame and
its distortions to acute levels of precision.

ÿ Shown here is the change in the origin of the crust-fixed frame w.r.t. the
center of mass due to non tidal mass transport in the atmospheric and
hydrospheric systems.
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GEODETIC MONITORING OF EARTH

Small scale
convection,
mantle rheology

Gravity anom-
alies, ice sheet
loading

Ocean circulation,
ocean wind
interaction

Loading, baro-
metric ocean
response

Topographic
Mapping

Lithosphere-
mantle coupling,
crustal cooling

Strain in seismic
zones, tectonics,
subsidence,
mountain
building

Ocean loading,
non-tidal
deformation

Atmospheric
loading

Crustal Motions

Core-mantle
coupling/ reson-
ance, ties to
geomagnetism

Secular changes
due to deglac-
iation &   long
term processes

Ocean momentum,
bottom friction, ice
sheet mass
balance

Atmospheric
angular
momentum, air-
ocean coupling

Earth Rotation
& Polar Motion

Inelasticity of
solid Earth

Tidal loading and
lithosphere
strength

Ocean tides, ocean
circulation,
Earth/Moon system

Thermal/gravity
forces mass
displacements

Tides

Mantle rheology,
convection, core-
mantle boundary

Lithosphere
strength, PGR,
isostatic behavior

Temporal monitoring of mass
redistribution throughout Earth
system as form of remote sensing

Gravity Field

Earth InteriorCrustHydrosphere/
Cryosphere

Atmosphere
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Mass transport phenomena in the upper layers of the Earth
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Mass transport phenomena:

 
u Hydrological cycle of the continents and in the ice regions,

u Ice mass balance and as a consequence the variation of sea level,

u Mass transport in the oceans, ocean currents transport heat and
represent therefore an important factor of climatological development,

u The melting of the large ice covers cause isostatic adjustment,

u Mass changes within the Earth, caused by various forces within the Earth
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Temporal and spatial resolution
 of mass transport phenomena

1km 10km 100km 1000km 10000km

ti
m

e
s

c
a

le

diurnal
semidiurnal

interanaual
seasonal

sub -seasonal

secular /
decadal

glaciers polar ice
post -glacial

rebound

ocean mass flux

atmosphere

hydrology:
surface and ground water, snow, ice

solid earth and ocean tidescoastal tides

resolution

ti
m

e
s

c
a

le

sub -

post-glacial
rebound



July 26, 2004 SLR Replacement Concept Review
Science Objectives and Vision for the Future

David Smith - 20

Temporal and spatial resolution
of oceanographic features

bathymetric
structures
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Satellite gravity and altimeter mission products
 to determine mass transport and mass distribution

in a multi-disciplinary environment

Dynamics of mantle and crust 
mantle dynamics and geoid signal,
time variation from global isostatic

adjustment, plumes, slabs, gravity signal of
crustal and lithospherie structures

From satellite sensor data to mass 
signals

consistent combination of
satellite data, reference systems,

data preparation for model assimilation, 
regional representation, filtering, error 

models, separation of signal 
components, 

mass balance, complementary data

Ice mass balance and sea level
ice surface: height change, velocities, 

mass budget of ice sheets, 
sea level rise from melting, dynamic ice models, 

sea ice: coverage, thickness

Continental hydrology
continental water budget,

closure of water balance (global, regional)
water storage variation,

trends and climate change

atmosphere

Oceanic transport
ocean circulation (quasi-static and time variation),

mass and heat transport, 
eddies,

sea level: mass and volume change

 

 

 

 

 

Gravity field missions
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Continental hydrology
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Ice mass balance and sea level
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Dynamics of crust and mantle

Plate Tectonics

Mantle Convection Core/Mantle Dynamics

Volcanoes

Post Glacial Rebound

Ocean Loading

Atmospheric Loading
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Time Varying Gravity:
A Unique Form of Remote Sensing

GRACE
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Geodetic Networks:
Monitoring Temporal Gravity Changes Using SLR

Observed S2,2 with 12 month offset and SOI
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• Anomalistic behavior of J2 time series
• First detection of large-scale

unanticipated mass redistribution
• Reported by Cox and Chao, (SCIENCE,

2002)

• +0.6 correlation between S2,2 time
series and the SOI when S2,2 is
shifted forward in time by 12
months.

• Evidence of El Nino prediction?
• Reported by Cox, Chao et al. (AGU,

2003)

Duration of GRACE

SOI=Southern Oscillation Index

Post glacial rebound Unexpected SLR
1998+ results

S2,2
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C2,0:  SLR vs GRACE monthly

Formal Errors shown for SLR Calibrated Errors shown for GRACE

Problems with recovered 
GRACE degree 2 terms
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C2,1:  SLR vs GRACE monthly
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Reduction in Major SLR Error Source:
GRACE Gravity Field Modeling

Error Spectrum of
Current Models

Error Spectrum of
Sept’03 GRACE
Model

Error Spectrum of
GRACE Capabilities
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SLR2000, the Future of SLR

• Fully automated
• Continuous operation
• Increased reliability
• Lower replication and operating costs
• Self monitoring, low maintenance
• Remote locations
• Improved geographic distribution
• Possible use of SLR2000 as ground link in laser

communications and transponder experiments

NASA MOBLAS System NASA SLR2000 System
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SLR2000: Planetary Applications

l SLR2000 has been designed to work over lunar and planetary
distances:

– passive tracking of satellites at lunar distances with a large
retro-reflector (r^4 law)

– active tracking of satellites, probes and landers over
planetary distances (100’s of millions of kilometers) in
concert with an onboard laser transponder (r^2 law)

l The inner solar system is open for tracking with SLR2000 and
transponders.

l Soon, laser transponders will be as reliable as microwave
systems (remember your CD system)
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SLR2000: Planetary Applications - 2

Optical Tracking of Lunar and Planetary Spacecraft

l  Lunar Orbiters  -  precision orbit determination 
(Lageos quality)

    -  support of altimetry missions
    -  science (static and time dep. 
            gravity; hi - resolution imagery)

l   Planetary Orbiters/Landers
-  cm orbit determination
-  gravity (seasonal time 

       dependence), etc
-  planetary rotation variations
-  timing at GPS accuracies-10

-5
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The State of the Art:
Planetary Spacecraft Orbit Determination 

l The most precise planetary orbit determination
is for Mars Global Surveyor (MGS) operating
in orbit at Mars since Sept. 1997.

l The orbital “accuracy” evaluated by laser
altimeter cross-overs is ~ 1 meter rms radially
and 100 meters horizontally.

l The tracking of MGS is X-band doppler with
precision ~ 50 microns/s every 10 seconds.

l How much better could we do if we tracked
planetary orbiters using laser transponders?
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Typical Tracking Requirements 
for a Lunar Orbiter or Lander

l The tracking requirements of a lunar satellite tracking system are
similar to those for geodetic Earth satellites:

- sub-centimeter ranging;
- 10 mm/sec velocity (derivable for the range?)
- 5-second normal points (~ 8km along track)

[Mircowave tracking at X-band provides 2 meter ranges, ~50
mm/sec velocity at 10-second intervals; Ka-band tracking “can”
provide ~40 cm ranges, ~20 mm/sec at 10 second intervals.
Weather limitations at Ka-band]

l Provide the timing system for the spacecraft instrumentation at the
0.1 millisecond level (the transfer of GPS timing to the Moon.
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Possibilities for LRO and the New Vision

l The objectives for LRO could benefit substantially if improved
orbit determination were possible ( ~ 10 meters                   ~ 1
meter) radially
- better topography
- better positioning of surface features
- better gravity field
- ……..

l If LRO carried a simple retro-reflector it could be tracked by
SLR2000 (not the Moblas’s) to about 10 cm precision.  This alone
could probably make a 5 fold improvement in nearside radial orbit
quality

l If LRO carried a laser transponder then SLR2000’s could track
LRO to <1 cm, potentially moving the orbital quality of LRO from
10 m to a few tens of centimeters, radially.
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The Lunar Gravity Field
- not to be improved by LRO

l Present knowledge
based upon Clementine
and Lunar Prospector S-
band tracking:

     ± 20 mGal near-side
     ± 100 mGal far-side

l Science needs ± 1 mGal

Lunar Far-side

1 mGal = 10-5 meters/sec2

“Mascons”
Striping indicates unresolved

gravity signal
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SLR2000 and Lunar Discovery Missions

l Several (3?) Discovery proposals for science at the Moon were
submitted to NASA last week (7/15/04).

l At least one of those missions, Moonlight, needs high precision
tracking to support an imaging lidar and to improve the model for
the lunar gravity field.

l This mission proposes to carry a laser transponder and plans to
support the operation of 2 SLR2000 type stations; one at GSFC,
one at JPL. It has requested and received the endorsement of
the ILRS laser tracking network.

l Moonlight also needs ~ 0.1 ms timing for the payload which it
will achieve by the transfer of GPS time via SLR2000 stations
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SLR2000 and Lunar Discovery Missions

l   Moonlight put out an RFI to industry for a network of
SLR2000’s capable of precision tracking of the s/c and
communicating 60Mb/s from the lunar orbit to Earth continuously
(24/7) for 2 years.

l   The response proposed was for 9 stations globally distributed
and included all operations and delivery of the tracking data and
science data to JPL.
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 The Synergism of SLR2000 and Lasercom

ÿ Shelter and azimuth tracking dome has internet connections for high speed ground
data transfer and internal instrument health and security monitors

ÿ “Smart” Meteorological Station provides protection against local weather conditions
(wind, precipitation, etc) and monitors ground visibility and cloud cover for efficient
lasercom operations

ÿ GPS-disciplined Rubidium Time and Frequency Reference provides accurate epoch
times for reliable satellite acquisition as well as a stable clock reference for optical
communications

ÿ Modest 40 cm off-axis telescope provides sufficient aperture to handle high
bandwidth optical com from Earth orbiting satellites using modest spaceborne  laser
powers and is less sensitive to atmospheric perturbations than meter-class
telescopes. No adaptive optics needed.

ÿ Arcsecond precision tracking mount plus mount model provides high accuracy open
loop pointing (~2 arcsec) to satellites

ÿ Quadrant detector is expected to provide sub-arcsecond pointing corrections and
closed loop tracking for optimizing both the ranging and optical com signals

ÿ Ground-based ranging beam serves as a powerful beacon for the spaceborne
lasercom system to lock onto and the returns from onboard reflectors provide
accurate orbit information and independent verification of satellite “lock”.

ÿ Communication satellites can be included in SLR constellation for automatic
updating of orbit predictions by the central processor to expedite target acquisition
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The Long-Range Vision for SLR
(I have a dream?……)

l Understanding the dynamics of the solar system on present-day time scales is
one of the basic challenges of understanding the evolution of all the bodies in
the solar system and how these changes affect life on Earth and elsewhere.

l Monitoring the dynamical and rotational motions of the bodies comprising the
solar system is now possible if optical transponders are placed on bodies of
interest - planets, moon, asteroids, comets, etc, etc

l SLR can be the solar system’s measuring tool with accuracies at the centimeter
level - almost nothing else can do this.

l For exploration of the solar system:
 - we can know where we are
 - we can return to the same position should we choose to do so
 - we can do it at the decimeter level, and
 - we can communicate home at the same time.


